This paper investigates the onset time of Solar Energetic Particle (SEP) events with numerical simulations, and analyses the accuracy of the Velocity Dispersion Analysis (VDA) method. Using a 3-dimensional focused transport model, we calculate the fluxes of protons observed at 1 AU equatorial plane in energy range between 10 MeV and 80 MeV. In particular, three models are used to describe different SEP sources produced by flare or coronal shock, and the effects of particle perpendicular diffusion in the interplanetary space are also studied. We have the following findings: When the observer is disconnected from the source, the effects of particles propagating in the solar atmosphere and perpendicular diffusion in the interplanetary space have significant influence on the VDA results. As a result, although the VDA method is valid with short source duration, low background, weak scattering in the interplanetary space or fast diffusion in the solar atmosphere, it is not valid with long source duration, high background, or strong scattering.
INTRODUCATION
Solar Energetic Particles (SEPs) were first reported by Forbush (1946) . Since coronal mass ejection (CME) was not discovered at that time, SEPs were assumed to be accelerated by solar flare. If this holds true, it is reasonable to assume that the size of SEPs source is close to that of flare. However, some SEP events could be simultaneously observed by multi-spacecraft with very wide spatial distribution which could be much wider than the size of flare. In order to interpret this phenomenon, two scenarios were proposed: (1) particles can propagate in the solar atmosphere (Wibberenz et al. 1989) ; and (2) particles can cross the interplanetary magnetic field (IMF) lines in the interplanetary space with perpendicular diffusion (McKibben 1972) . But later the SEP community realized that CMEs are important for particle acceleration, especially in large SEP events (Mason et al. 1984; Gosling 1993; Zank et al. 2000; Li et al. 2003) . As a result, besides the former two scenarios, the third one was proposed: the wide spread of SEPs can be explained by that SEPs are accelerated by large scale shocks. However, large SEP events are usually associated with flares and CMEs, so the role of flare and shock in acceleration process of SEPs is still in debate. For historical development of the studies on SEP source, please refer to the review articles by Reames (1999) and Reames (2013) .
Because of the effects of particle transport, it is difficult to distinguish signatures of different accelerators in SEP fluxes at 1 AU. However, SEP fluxes observed in the interplanetary space show velocity dispersion at the onset time. The Velocity Dispersion Analysis (VDA) method has been used widely to investigate the SEP acceleration and transport process (Krucker et al. 1999; Krucker & Lin 2000; Reames 2009; Li et al. 2013 ). This method assumes that the first arriving particles move along the magnetic field lines, and the path length traversed by particles between the source and observer is independent on energy. With these assumptions, the SEP release time near the Sun and the interplanetary path length can be determined by using the onset time of different energy particles. To compare the release time with the electromagnetic signature of SEP source, the SEP source can be identified .
It has been known for a long time that when the observer is far from the magnetic connection point of the source on the Sun, the onset time of SEPs' flux shows a delay (Ma Sung & Earl 1978; Van Hollebeke et al. 1975 ). This would lead to changes in the results of VDA method. Krucker et al. (1999) calculated the release time near the Sun and path length in the interplanetary space of SEPs with 12 short electron events observed by Wind spacecraft. The result of VDA method indicates two kinds of electron events. In the first kind of events, the electron release time is extremely close to the onset of a radio type III burst when the observer is connected to the flare. In the second kind of events, the electrons are released much later (e.g., half an hour ) than the onset of the type III burst when the observer is disconnected from the flare. Huttunen-Heikinmaa et al. (2005) studied the release time of MeV/n protons and heliums observed by SOHO/ERNE. They found that the delay in SEPs release time derived from VDA method is related to the poor magnetic connection between the flare site and the spacecraft. For extremely high energy particle events, Reames (2009) studied the onset time of ion fluxes in ground-level enhancements. They found that the time difference between the solar particle release time and the onset time of metric type II radio burst increases with the angular distance of the observer's magnetic foot-point and the source increase.
According to different heliographic latitude observation, Zhang et al. (2003) analyzed an SEP event simultaneously observed by Ulysses and GOES spacecraft. The GOES spacecraft is located in the ecliptic plane, while the Ulysses is located at 62
• South. The release time derived from GOES data is consistent with the onset of soft X-ray flux, and the path length is also close to the Parker spiral. In contrast, the release time derived from Ulysses data is 3 hours later than the onset of soft X-ray, and the the path length is much longer than Parker spiral. The further studies were done by Dalla et al. (2003a,b) , who analysed 9 SEP events observed by Ulysses at high latitudes among which 8 events are observed at more than 60
• latitude, and 1 event is observed at 47.9
• latitude. Dalla et al. (2003a,b) found that the path lengths at Ulysses are 1.06 to 2.45 times the length of Parker spiral, and the particle release time is between 100 and 350 min later than the release time derived from SOHO and Wind measurements. The delay in particle release time increases with the latitudinal difference ∆θ between the spacecraft and the flare. Based on the observation results derived from in-ecliptic and high latitudes measurements, we can conclude that the delay in the release time is related to the poor connection between the source and spacecraft.
In order to use the VDA method more reasonably, many studies have been done to investigate the validity of this method. The following are the main conclusions: Firstly, when the parallel mean free path (MFP) is large enough (λ > 0.3 AU), interplanetary scattering has only a small effect on the derived solar release time (Kallenrode & Wibberenz 1990; Lintunen & Vainio 2004; Diaz et al. 2011) . Secondly, when the background level is below 0.01% of the peak intensity of flux, the onset time of SEP event can be determined quite accurately (Sáiz et al. 2005 ). In the above works, the interplanetary scattering and background level effects in the release time have been studied in detail. In this work, we study how different source models and perpendicular diffusion affects the onset time of SEP and the VDA results. In section 2 we describe the SEP transport model. In Section 3 we show the simulation results. In Section 4 we discuss the simulation and observation results, and summarize our results.
MODEL
We model the transport of SEPs following previous research (e.g., Qin et al. 2006; Zhang et al. 2009; He et al. 2011; Wang et al. 2012; Qin et al. 2013; Zuo et al. 2013) . A three-dimensional focused transport equation is written as (Skilling 1971; Schlickeiser 2002; Qin et al. 2006; Zhang et al. 2009 )
where f (x, µ, p, t) is the gyrophase-averaged distribution function, x is the position in a non-rotating heliographic coordinate system; p, µ, and v are the momentum, particle pitch-angle cosine, and speed, respectively, in the solar wind frame; t is the time; The relationship of the D µµ and parallel mean free path λ is written as (Jokipii 1966; Hasselmann 1968; Earl 1974 )
and parallel diffusion coefficient κ can be written as κ = vλ /3.
We follow the model of pitch angle diffusion coefficient from Beeck & Wibberenz (1986) , see also (Qin et al. 2005 )
where the constant D 0 controls the magnetic field fluctuations level. The constant q is chosen 5/3 for a Kolmogorov spectrum type of the power spectral density of magnetic field turbulence in the inertial range. Furthermore, a larger value of h = 0.01 is chosen for non-linear effect of pitch angle diffusion at µ = 0 in the solar wind (Qin & Shalchi 2009; Qin & Shalchi 2014) .
The perpendicular diffusion coeffeint is proportional to parallel one,
where we set a = 0.01 in our simulations. Note that we use this formula for the sake of simplicity.
There are same more complete models which are developed to describe the perpendicular diffusion in magnetic turbulence, for example, the Non-Linear Guiding Center Theory (NLGC) (Matthaeus et al. 2003) .
We use boundary values to model the particle injection from the source, and the boundary condition is chosen as the following form
Here the particles are injected from the SEP source near the Sun. φ(θ, ϕ) is the angle between the source center and any point (θ, ϕ) near the Sun where the particles are injected. We use three models to describe different scenarios: SEPs are accelerated by a flare, and particles do not propagate in the solar atmosphere in case 1; SEPs are accelerated by a flare, and particles can propagate in the solar atmosphere in case 2; and SEPs are accelerated by a coronal shock in case 3. The flare source model in case 1 and 2 is obtained following Reid (1964) , and the shock model in case 3 is obtained following Kallenrode & Wibberenz (1997) . H(x) is the Heaviside step function. φ s is used to control the angular width of the source. φ 0 describes how the source intensity decreases towards the flank of the source. E k is energy of the particles, and γ is the spectral index of source particles. t c and t l are time constants to indicate the rise and decay timescales, respectively. Here, we set a typical value of γ = 3 for the spectral index of source particles. We use a time-backward Markov stochastic process method to solve the transport equation
(1) (Zhang 1999) . The initial-boundary value problem of the SEP transport equation can be reformulated to stochastic differential equations, so it can be solved by a Monte-Carlo simulation of Markov stochastic process, and the SEP distribution function can be derived. In this method, we trace particles from the observation point back to the injection time from the SEP source.
Only those particles in the source region at the initial time contribute to the statistics. For detailed description of the method, please refer to Qin et al. (2006) .
RESULTS
Note that the inner boundary is 0.05 AU, and outer boundary is 50 AU. We use two different parallel mean free paths λ = 0.126 AU and λ = 0.3 AU for 10 MeV protons. Based on the simulation results of Diaz et al. (2011) , interplanetary scattering has great effect on the derived solar release time of VDA method in the case of λ = 0.126 AU, while it has only a small effect on the derived solar release time in the case of λ = 0.3 AU. As a result, λ = 0.126 AU is used as be strong scattering in the interplanetary space, and λ = 0.3 AU is used as weak scattering. We choose different t c and t l to study different duration of the source. We set t c = 0.02 day (0.48 hour) and t l = 0.05 day (1.2 hours) as a short duration, and set t c = 0.1 day (2.4 hours) and t l = 0.25 day (6 hours) as a long duration case. In our simulations, the source rotates with the Sun.
Before we can determine the detected onset time from the simulated time profiles, we have to define a background level of the flux. In a real SEP event, this background may be either due to the level of galactic cosmic rays or previous SEP event. In this paper, we choose the background level as a constant fraction A of the maximum intensity. In each energy channel, we set the background fraction A as 10 −5 , 10 −3 , and 10 −1 , corresponding to a low background level, middle background level, and high background level, respectively.
Particles Not Propagating in the Solar Atmosphere
In this subsection, we use the source model as shown in the case 1 of Equation (5), i.e., particles are accelerated by a flare without propagating in the solar atmosphere. λ is set to 0.126 AU for 10 MeV particles. In addition, φ s and φ 0 are set to 15
• . As one can see, the onset times are much the same with and without perpendicular diffusion. The two cases could not possibly be distinguished observationally. In order to check the onset time,
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we also show the normalized flux in the following cases.
Figure 3 (a) shows time profiles of 10 MeV protons' omnidirectional flux detected by three observers. The source duration is set as a long one. The observers are located at the equator with different longitudes, so that the center of source is located at 0 • , 50
• west, and 50
• east to the footpoint of the observer, which are labeled as 0
and E50
• (dashed line). When an observer is connected to the center of source directly by IMF, energetic particles can arrive at the observers location by following the field lines. In these cases, the two observers' field lines are disconnected from the SEP source, because the half width of source is only 15
• . Therefore energetic particles can only be detected by the observers with the effect of perpendicular diffusion during the onset time. According to the three observers, the peak of flux is the largest when the observer is connected directly to the source by IMF, and it is the smallest when the center of source is located at 50
• west to the IMF footpoint of the observer. Due to the effect of convection, the particles rotate with the Sun after they are emitted. More particles are injected to the field line of observer if the source is located at 50
• east than that at 50
• west.
As a result, the flux of W50
• is smaller than that of E50
• . This effect would lead to east-west asymmetry of SEPs distribution in the interplanetary space. Figure 3 (b) shows time profiles of normalized omnidirectional flux for the cases in Figure 3 (a). According to the observers, the onset time is earliest when the observer is connected to the source, and it is latest when the center of source is located at 50
• east to the IMF footpoint of the observer. • , respectively. According to the observers, the flux is the largest when the observer is connected to the center of source, and is the smallest when the center of source is located at 50
Different Source And Transport Models
• west to the footpoint of the observer. Figure 6 (b) reveals that the onset times of three fluxes are different. In the source model, when φ is larger than 15
• , the time profile of SEP source changes with φ. As a result, the time profiles of SEP flux in cases of E50
• and W50
• increase more slowly than that in the case of longitude 0
• . In this case, when the observer is far from the center of source (φ > 15 • ), the angular distance should affect the VDA results. Figure   7 (b). As a result, the angular distance between the center of source and observer should not affect the VDA results when observer is connected to the source. However, if the time profile of SEP source changes with angular distance, the time profiles of flux detected by the observers should be different. This conclusion could be deduced from the results in Figure 6 . In this case, the VDA results should change with the angular distance between the center of source and observer.
Particles Accelerated by A Large Corona Shock

VDA Method Results
In this subsection, we will study how perpendicular diffusion and different source models affect the VDA method results. The VDA method assumes that the first observed particles are the particles travelling along the magnetic field lines, and the path length traversed by particles is independent on energy. If this holds, the transport time for SEPs is given by
here, L is a constant which represents the field line length. t o is the onset time of SEP flux which depends on particle speed. t i is a constant which represents release time of particles on the source. v is speed of energetic particles. With different observing locations, background levels, and source duration times, the calculated source release times and path lengths from the VDA method with simulation data are listed in Table 1 . In our simulations, the source release time is set to 0, and the path length is set to 1.14 AU. In this table, the source release time and path length derived from VDA are labeled as t i and L, receptively. λ is set to 0.126 AU for 10 MeV protons. Source model is set as the case 1 of Equation 5, and φ s and φ 0 are set to 15
• . The observers are all located at 1 AU equatorial plane, but at different longitudes. When the observer is connected to the source, we have the following findings. In the cases of short source duration (cases 1, 2, and 3), the VDA release times are very close to the injection times on the source (less than 3 minutes). In the cases of long source duration (cases 4, 5, and 6), however, the VDA release times are much later than the real release times. On the other hand, when the observer is disconnected from the source, the onset time of SEP flux is later than the case when the observer is connected to the source. Therefore, the VDA results are generally much worse when the observer is disconnected from the source with some exceptions. For example, in W50
• of case 4, the release time of VDA result is very close to the injection time on the source (less than 2 minutes). Obviously, this result is obtained fortuitously, and it can not be taken as an indication that the VDA method is valid. In all six cases (case 1, 2, 3, 4, 5 and 6), the path lengths obtained from VDA method are longer than the real ones from Parker spiral (1.14 AU in our simulation). Even when the observer is connected to the center of flare with short duration source and low background SEP level, the path length is still larger than that of Parker spiral. This is because scattering in the interplanetary space could not be ignored due to the value of mean free path used in our simulation. Beside scattering in the interplanetary space, the source duration, source location, and SEP background level also affect the path length result of VDA. Therefore, in the case 6 of Table 1 , the path lengths are much larger than that of Parker spiral. Table 2 is similar to Table 1 except mean free path. λ is set to 0.3 AU for 10 MeV protons in Table 2 . When the observer is connected to the source, we have the following findings. In the cases 1 and 2, the VDA release times are very close to the injection times on the source (less than 3 minutes). However, in case 3 the difference between VDA release time and the injection times can be as large as 6.8 minutes. In the cases of long source duration (cases 4, 5, and 6), the VDA release times are much later than the real release times. Due to the larger mean mean free paths, the path length derived from VDA in case 1 is much smaller than that in Table 1 . The value 1.34 AU is close to the length of Parker spiral (1.14 AU in our simulation). On the other hand, when the observer is disconnected from the source, the VDA release times are also very close to the injection times (less than 3 minutes) in case 1. However, in other cases, the VDA release times are generally worse when the observer is disconnected from the source with some exceptions. In all six cases (case 1, 2, 3, 4, 5 and 6), the path lengths obtained from VDA method are longer than the real ones from Parker spiral. Comparing Table 2 with Table 1 , the path lengths obtained from VDA method in Table 2 are smaller than that in Table 1 . Table 3 is similar to Table 1 except the source model and mean free path. In Table 3 , the source model is set as the case 2 of Equation 5, and particles can diffuse at the source region. The source parameters are set to φ 0 = 15 o , φ s = 15
• , t c = 0.02 day, and t l = 0.05 day in all six cases.
When λ is set to 0.126 AU for 10 MeV protons, the effect of particles propagation in the solar atmosphere is stronger than that of perpendicular diffusion in the interplanetary space. In cases 1, -16 -2, and 3, λ is set to 0.126 AU for 10 MeV protons, while λ is set to 0.3 AU for 10 MeV protons in cases 4, 5, and 6. Comparing the cases 1, 2, and 3 in Table 3 with the short duration cases in Table 1 , we have the following findings. The VDA release times are much closer to the injection times on the source in Table 3 than that in Table 1 , and the path lengths in Table 3 are generally smaller than that in Table 1 . The difference between the VDA release times and the injection times are within 7 minutes. Comparing the cases 4, 5, and 6 in Table 3 with the short duration cases in Table 2 , we find that the VDA results are similar in these two tables especially in the low background case. This is because when λ is set to 0.3 AU for 10 MeV protons, the effect of perpendicular diffusion in the interplanetary space is stronger than that of particles propagation in the solar atmosphere.
DISCUSSION AND CONCLUSIONS
In this paper, we discuss the uncertainty of the simple assumptions of VDA method.
Firstly, the VDA results could be significantly influenced by interplanetary scattering.
( Kallenrode & Wibberenz 1990; Lintunen & Vainio 2004; Diaz et al. 2011) . Secondly, the onset time of SEP event is hard to be determined in practical applications, since it can be significantly delayed by the background level (Sáiz et al. 2005) . Thirdly, particles can cross the field lines when they transport in the space. The perpendicular diffusion plays a very important role in the release time determination, especially when the observer's field line is disconnected from the source (Zhang et al. 2009; Qin et al. 2011; He et al. 2011) . Fourthly, different source models affect the accuracy of results of VDA method. For example, particles accelerated by a flare may directly propagate in the solar atmosphere (Wibberenz et al. 1989) ; and a large shock could provide a very wide source (Mason et al. 1984; Gosling 1993; Zank et al. 2000; Li et al. 2003) .
By numerically solving the focused Fokker-Planck equation, we have calculated SEPs' intensity time profiles including the perpendicular diffusion. We set different source duration and background level to study the onset times observed by observers. Comparing the time profiles of SEP fluxes observed at different locations, we have studied the effect of different source models and perpendicular diffusion on the onset times of SEP events, and its influence on the onset time of SEP flux and the VDA method results. Our new findings are the following.
(1) If SEPs are produced by a solar flare, they can spread much wider than the source region by two possible mechanisms. In the first one, particles propagate in the solar atmosphere. In the second one, particles cross the field lines in the interplanetary space with perpendicular diffusion.
In this case, the VDA results can be affected by the above two mechanisms when the observer is not connected to the source at initial time. In addition, due to the effect of convection, more particles are injected in the field line of observer when the the source is located at east flank to the foot-point of observer than that in the case of west flank. This effect would lead to east-west asymmetry of SEPs distribution in the interplanetary space.
(2) When the observer is connected to the source by IMF, comparing the time profiles of fluxes in the cases with and without perpendicular diffusion, or with and without particles propagation in the solar atmosphere, the onset times are much the same. In this case, the perpendicular diffusion in the interplanetary space and propagation in the solar atmosphere do not affect the results of VDA significantly. The results obtained by previous simulations, which didn't include these two mechanisms (Kallenrode & Wibberenz 1990; Lintunen & Vainio 2004; Sáiz et al. 2005; Diaz et al. 2011) , still holds when these two mechanisms are included.
(3) If SEPs accelerated by a solar flare can not propagate in the solar atmosphere, the SEP source region is about the size of solar flare. In this case, when the observer is disconnected from the source by IMF, the energetic particles can be detected with the effect of the perpendicular diffusion. The onset time is later when the observer is disconnected from the source than that when the observer is connected to the source. In the cases of weak scattering, the solar release time derived from VDA method is close to the injection time when the observer is disconnected from the source in the case 1 of Table 2 . However, in the cases of strong scattering in Table 1 , the release time and the path length obtained from the VDA method are much different from the real values except some fortuitous cases.
(4) If SEPs accelerated by a solar flare can propagate in the solar atmosphere, the SEP source region should be larger than the size of solar flare as times go by. When the observer is far from the SEP source at the initial time, particles will spend some time on leaving the source to the observer's field line. As a result, the time scale of rising phase of flux is larger than that in the case when the observer is connected to the center of source. When source diffusion in the solar atmosphere is faster than perpendicular diffusion in the interplanetary space, the solar release time derived from VDA method is close to injection time when the observer is disconnected from the source in the case 1 of Table 3 . If source diffusion in the solar atmosphere is slower than perpendicular diffusion, the VDA results are significantly affected by the mean free path. In the case of weak scattering, the solar release time derived from VDA method is still valid as shown in the case 1 of Table 2 . However, in the case of strong scattering, the solar release time derived from VDA method is not valid as shown in the case 1 of Table 1 . • is short for 50
• east, and W50
• is short for 50
• west. b λ is set to 0.3 AU for 10 MeV protons.
